Trichomes originate from the epidermal cells of nearly all terrestrial plants, which are specialized unicellular or multicellular structures. Although the molecular mechanism regulating unicellular trichome formation has been extensively characterized, most of the genes essential for multicellular trichome formation remain unknown. In this study, we identified an associated locus on the long arm of chromosome 10 using a genome-wide association study (GWAS) on type-I trichomes of 180 diverse Solanum lycopersicum (tomato) accessions. Using map-based cloning we then cloned the key gene controlling the initiation of this type of trichome, named Hair (H), which encodes a single C2H2 zinc-finger protein. Transgenic experiments showed that hair-absent phenotype is caused by the deletion of the entire coding region of H. We identified three alleles of H containing several missense mutations and a nucleotide deletion, which result in amino acid substitutions and a reading frame shift, respectively. In addition, knockdown of H or Woolly (Wo) represses the formation of type-I trichomes, suggesting that both regulators may function as a heterodimer. Direct protein-protein interaction between them was further detected through pull-down and yeast two-hybrid assays. In addition, ectopic expression of H in Nicotiana tabacum (tobacco) and expression of its homologs from Capsicum annuum (pepper) and tobacco in tomato can trigger trichome formation. Taken together, these findings suggest that the H gene may be functionally conserved in multicellular trichome formation in Solanaceae species.
INTRODUCTION
Trichomes are specialized epidermal appendages that originate from the epidermis of nearly all terrestrial plants. There are many types of trichomes, characterized by their morphology, including glandular or non-glandular, unicellular or multicellular, branched or non-branched, etc. (Werker, 2000; Pattanaik et al., 2014) . Plant trichomes provide both physical and chemical protection against arthropod herbivores and pathogens (Kang et al., 2014) . Many secondary metabolites in glandular trichomes have been used as natural pesticides, food additives or pharmaceuticals (Aharoni et al., 2006) . Furthermore, because of their simple cell structure, trichomes serve as an excellent model to study the gene regulatory network controlling plant cell fate determination.
Trichomes in Arabidopsis are typically unicellular structures. Numerous genes have been identified as key regulators of trichome initiation. The GLABROUS 1 (GL1) gene is essential for trichome initiation and subsequent outgrowth, and encodes an R2R3 MYB transcription factor (Marksa and Feldmannb, 1989) . A pleiotropic WD repeat gene, TTG1, also plays a critical role in trichome formation in Arabidopsis (Walker et al., 1999) . Another two bHLH regulators, GLABRA 3 (GL3) and ENHANCER OF GLABRA 3 (EGL3), physically interact with GL1 and TTG1 separately, forming a MYB-bHLH-WD repeat complex (Payne et al., 2000; Bernhardt et al., 2003) . This active complex can trigger trichome specification by activating the expression of its downstream factors GLABRA 2 (GL2) and TRANSPAR-ENT TESTA GLABRA 2 (TTG2) (Ishida et al., 2007; Wang and Chen, 2008) . Simultaneously, this complex promotesregulators by competing with GL1 for binding to the bHLH factors when they move to the neighbor cells (Wada et al., 1997; Schnittger et al., 1999; Kirik et al., 2004a,b; Wang et al., 2007; Wester et al., 2009; Gan et al., 2011) . Cotton fibers, unicellular trichome-like structures, can be induced by several homologs of Arabidopsis trichome regulators, GhTTG1, GhTTG3, GaMYB2 and GaHOX1, which originate from the ovule epidermal cells (Wang et al., 2004; Humphries et al., 2005; Guan et al., 2008) . Moreover, ectopic expression of these genes can promote trichome formation in Arabidopsis, indicating that these two similar structures may be controlled by a common pathway (Wang et al., 2004; Guan et al., 2008) .
The majority of flowering plants produce multicellular trichomes; however, only a few regulators controlling this type of trichome are currently available. MIXTA, an R2R3-type MYB transcription factor in Antirrhinum (snapdragon), promotes trichome formation when introduced into Nicotiana tabacum (tobacco) (Glover et al., 1998 ). An HD-ZIP IV gene OCL4 inhibits trichome development in Zea mays (maize) (Vernoud et al., 2009) . In addition, a homolog of OCL4 in Cucumis sativus (cucumber), Tril, and an HD-ZIP I regulator, CsGL1, are essential for the formation of trichomes and fruit spines in cucumber Wang et al., 2016) . An AP2 transcription factor, TRICHOME AND ARTEMISININ REGULATOR 1, plays a significant role in trichome formation in Artemisia annua (Tan et al., 2015) . Cultivated Solanum lycopersicum (tomato) and its wild relatives produce seven types of morphologically distinct trichomes: types I-VII (Simmons and Gurr, 2005) . The Woolly (Wo) gene, encoding an HD-ZIP IV transcription factor, mainly regulates type-I trichome formation through heterodimer formation with the B-type cyclin SlCycB2 in tomato (Yang et al., 2011; Gao et al., 2017) . Ectopic expression of Wo in Solanum tuberosum (potato) and tobacco leads to increased trichome density, implying that trichomes in these species may share a common regulatory network (Yang et al., 2015a,b) . It has been indicated that the initiation of multicellular trichomes may be controlled by a pathway that is distinct from that of unicellular trichomes (Lloyd et al., 1993; Payne et al., 1999) ; however, the actual molecular mechanism underlying multicellular trichome formation still remains uncharacterized.
Zinc-finger proteins (ZFPs) comprise an abundant transcription factor family in plants, which can be divided into various types based on the different array of the Cys and His residues, including C2H2, C2C2, C2HC, C2C2C2C2 and C2HCC2C2 (Mackay and Crossley, 1998) . Among these different types, C2H2-type ZFPs are involved in several development processes and tolerance to various abiotic stresses (Huang et al., 2009) . Interestingly, several C2H2 zinc-finger transcription factors, such as GIS, GIS2, ZFP8, ZFP5 and ZFP6, have been implicated in trichome formation in Arabidopsis inflorescence stems and flowers through collectively regulating the transcription of GL1 and GL3 (Gan et al., 2007; Sun et al., 2015) . Whether this type of transcription factor participates in multicellular trichome formation in tomato remains unknown, however.
In this study, we isolated and characterized the Hair (H) gene, which is responsible for trichome formation in tomato. The H gene encodes a single C2H2 zinc-finger transcription factor. We further identified that H physically interacts with Wo, implying that these two proteins possibly work together in the regulation of type-I trichome initiation. In addition, similar regulatory roles of the homologs of the H gene in trichome formation demonstrate that these multicellular structures in Solanaceae species may be controlled by a conserved molecular mechanism.
RESULTS
Genome-wide association study on hair-absent phenotype in tomato Cultivated tomato and its wild relatives produce seven types of trichomes (types I-VII). Type-I trichomes have been observed in the majority of tomato species, which are characterized by a long multicellular stalk and a small glandular tip (Simmons and Gurr, 2005) . We analyzed 180 diverse tomato accessions to map the genetic locus responsible for type-I trichomes, including 162 trichome and 18 hair-absent accessions ( Figure 1a and Table S1 ). A genome-wide association study (GWAS) was conducted in this population for the hair-absent phenotype. Using a compressed mixed linear model approach, we identified an associated locus on the long arm of chromosome 10, and the most significant single-nucleotide polymorphism (SNP) was on 60.27 Mb (P = 4.959107E-28) (Figure 1b) . Given the estimated linkage disequilibrium (LD) decay rate of about 300-400 kb in tomato, there were many candidate genes in this interval. Interestingly, we also identified a possible locus in the introgression segment of introgression line 10-2 (IL10-2), critical for type-I trichomes. Therefore, we performed map-based cloning to isolate the target gene.
Map-based cloning of H
We screened trichome-related traits in 50 ILs, covering the entire genome of Solanum pennellii in the S. lycopersicum cv. M82 background, and identified that IL 10-2 showed a hair-absent phenotype, whereas none of the other ILs displayed this phenotype (Figure 2 and Figure S1 ) (Eshed and Zamir, 1994) . In addition, the phenotype of the hair absent (h) mutant LA3172 resembles that of IL10-2. We thus developed two F 2 mapping populations: Ailsa Craig 9 IL10-2 and LA3172 9 LA0411. Genetic analysis of these two segregating populations indicated that the hair-absent phenotype is regulated by a recessive gene (Table S2 ). This locus was delimited to an interval between CT203 and TG420 by genotyping 94 F 2 individuals derived from the cross of Ailsa Craig 9 IL10-2 that contained one and three recombination events, respectively (Figure 3b ). To precisely map the locus, recombinants were screened in a population consisting of 1233 hair-absent individuals using four newly developed InDel markers . This locus was further localized to the region between MP-31 and MP-26, which were both closely linked to the target locus with just one recombination event identified, respectively (Figure 3c) . According to the tomato reference genome sequence, the physical distance between MP-31 and MP-26 is approximately 43 kb, in which four putative open reading frames (ORFs 1-4) were predicted ( Figure 3d ; Table S4 ).
H encodes a single C2H2 ZFP
We analyzed these four predicted ORFs and found that ORF3 encodes a protein with homology to the C2H2-type zinc-finger domain. C2H2 zinc-finger proteins play important regulatory roles in plant development. We thus considered ORF3 as the most likely candidate for the target locus. We amplified and sequenced the genomic sequences of this candidate from Ailsa Craig and IL10-2. Thirteen nucleotide differences were identified in the coding sequence, resulting in seven amino acid substitutions. In addition, three bases were inserted downstream in frame to the start codon in IL10-2 compared with the allele of Ailsa Craig, which caused an increase of one amino acid in the predicted protein ( Figures S2 and S3 ). Furthermore, we sequenced the candidate in LA3172 and found that a 1440-bp fragment spanning the complete coding region was completely deleted (Figure 3e ; Figure S4 ). These findings indicated that ORF3 may represent the target gene region responsible for the hair-absent phenotype in both IL10-2 and LA3172.
To test this prediction, a transformation construct was prepared by placing the full-length ORF3 from Ailsa Craig into the vector pHellesgate 8 under its native promoter. As the allele in LA3172 at the target locus is recessive, we introduced this construct into LA3172 by Agrobacteriummediated transformation. Seven positive transgenic plants (T 0 ) were obtained. The hair-absent phenotype was rescued by the fragment from Ailsa Craig, without other morphologic change (Figures 4 and S5) . Furthermore, we also generated nine positive transgenic plants (T 0 ) expressing the target fragment under control of the CaMV35S promoter using LA3172 as the recipient. In comparison with Ailsa Craig, four T 0 plants exhibited increased trichome density to various degrees (Figures 4 and S5 ). On the contrary, the silencing of ORF3 in Ailsa Craig by RNA interference (RNAi) resulted in trichome absence in all aerial parts (Figures 4 and S5 ). These results confirmed that ORF3, encoding a single C2H2 ZFP, was the right candidate for H.
Intra-and interspecific allelic polymorphisms of H
The coding sequence of H is 618 bp in length, based on the reference genome sequence of the cultivar Heinz 1706, which encodes a predicted polypeptide of 205 amino acids. Comparison between the cDNA and the genomic sequence of H indicated that it contains two exons and one intron ( Figure 3E ). As mentioned above, there were several nucleotide mutations in the allelic sequences of the H gene in both IL10-2 and LA3172. Besides these two accessions, we also collected several other hair-absent materials, such as 3-605, LA0085, LA1589 and LA0442 ( Figure S6 ). In order to determine whether mutations occurred in the allelic sequences of H from these accessions, we sequenced these alleles. Through alignment of these alleles with the reference cDNA sequence from Ailsa Craig, we found that all of these alleles contain nucleotide sequence mutations. The allele of H in LA0085 was identical with that in LA3172, including a deletion of a 1440-bp fragment harboring the entire coding region. In addition, we also found deletions at 61 bp downstream of the predicted translation initiation site (TIS) in 3-605 and at 113 bp downstream of the predicted TIS in LA0442. Both create frameshift mutations resulting in an early stop codon (Figures 3e and S2) . The allele of H in LA1589 contained four nucleotide mutations (206C-A, 289C-A, 529C-T and 531A-G), which caused three amino acid substitutions (69T-K, 97H-N and 177P-S). The second amino acid substitution (97H-N) was predicted to abolish the C2H2 zinc finger motif (Figures 3e, S2 and S3) . These results suggest that nucleotide mutations in these alleles possibly result in a loss of function, and then cause the hair-absent phenotype.
The predicted H protein consisted of 205 amino acids, which is characterized by a single C2H2 zinc-finger domain and a plant-specific QALGGH consensus sequence (Figure S3) . The deduced amino acid sequence of the H protein was used to conduct a BLASTp search against the public database at the National Center for Biotechnology Information. We identified a large number of homologous proteins in various plant species, whereas their biological functions remain uncharacterized. These homologs showed approximately 27-39% sequence identity to H. In addition, several genes with known functions have low sequence identities with H, such as ZFP5 (27%), ZFP6 (28%), ZFP8 (27%), GIS (33%), GIS2 (35%) and GIS3 (25%) in Arabidopsis, and Tu (27%) in cucumber. No significant homology with these genes outside the C2H2 zinc-finger domain implies functional divergence among these members.
H is essential for type-I trichome formation
There are seven types of trichomes on the epidermis of tomato plants. The tomato variety Ailsa Craig develops five types of trichomes (type I, III, V, VI and VII) (Simmons and Gurr, 2005) . When compared with Ailsa Craig by visual inspection, trichomes appear to be absent on the leaves and stems of the h mutant LA3172. In order to investigate the trichome types responsible for the hairabsent phenotype, the trichomes on LA3172, Ailsa Craig, IL10-2 and M82 were observed by scanning electron microscopy (SEM). Type-I trichomes completely disappeared on the stems of LA3172, and the density of type-VI trichomes on the surface of LA3172 was much lower than that of Ailsa Craig (Figure 5b) . Furthermore, a similar phenotype on IL10-2 was also caused by the disappearance of this type of trichome (Figure 2b) . Therefore, we concluded that the disappearance of type-I trichomes accounted for the hair-absent phenotype and that their initiation was regulated by H.
Spatial expression pattern of H
To investigate the expression pattern of H, quantitative RT-PCR was performed with total RNA extracted from several tissues of Ailsa Craig, including roots, young stems, stem, stem epidermis, leaves and young leaves. H was found to be constitutively expressed in all tissues (Figure S7a) . To further detect the expression of H, we conducted H promoter-driven GUS transformation. The transformants were obtained through Agrobacteriummediated transformation. GUS was expressed in roots, stems and leaves, but not specifically expressed in trichomes ( Figure S7b) . The results of quantitative RT-PCR and GUS activity examination showed that H is a constitutively expressed gene.
H is required for Wo to regulate type-I trichome formation
Previous studies indicated that Wo participates in the regulation of type-I trichome formation (Yang et al., 2011) . We thus inferred that both H and Wo may be involved in the same regulatory pathway underlying the formation of type-I trichomes. To test this prediction, a double mutant was generated by crossing h mutant LA3172 with Wo mutant LA3186 ( Figure S8a) ( Figure S8b ). The phenotype of WowoH_ plants was not distinguishable from LA3186, both of which have abundant type-I trichomes. Similarly, the wowoH_ plants showed a normal trichome phenotype. Surprisingly, the Wowohh plants exhibited a type-I trichome-absent phenotype and increased short-trichome density ( Figure 5 ). These data indicate that H was possibly required for Wo to trigger the formation of type-I trichomes, the absence of which may inhibit the function of Wo.
H directly interacts with Wo
Knock down of either H or Wo caused the hair-absent phenotype, implying that H may function as a heterodimer with Wo. In order to test this hypothesis, an in vitro GST pull-down assay was conducted. We generated two recombinant proteins, H-GST and Wo-HIS. The fusion protein Wo-HIS was effectively captured by H-GST in vitro, whereas Wo-HIS was not captured by GST. This result indicated that H interacts with Wo ( Figure 6a ). To further confirm this interaction between H and Wo, we carried out yeast two-hybrid experiments. Three combinations, including Wo-BD+H-AD, the ZIP domain-BD+H-AD and the positive control, could grow on the restrictive media, whereas all showed the expected results on non-restrictive media. These results demonstrated that H can physically interact with Wo, mediated by ZIP domain.
The H gene and its homologs are functionally conserved through evolution in Solanaceae species
Although several genes essential for trichome formation in Solanaceae species have been characterized, the molecular mechanism underlying their formation remains largely unknown. The Pepper trichome locus 1 (Ptl1) gene controlling trichome formation in Capsicum annuum (pepper) has been mapped to the middle of chromosome 10, and is tightly linked to the molecular marker HpmsE031 (Kim et al., 2010) . This gene corresponds to the chromosomal region encompassing the H gene in tomato. We identified a homolog of H in pepper, CA10 g21340, based on the published pepper genome sequence, which is about 53 kb away from HpmsE031 and showed 45% amino acid sequence identity to H. We generated a construct by placing the full-length fragment of CaH into the vector pHellsgate 8 driven by the CaMV 35S promoter and introduced this construct into Ailsa Craig by Agrobacterium-mediated transformation. Overexpression of this homolog caused a significant increase in the trichome production of transgenic plants, indicating that CaH may play a similar role in trichome formation in pepper (Figure 7) . In order to further define whether the homologs of H in other Solanaceae species participate in trichome formation, we transformed the construct 35S::SlH into N. tabacum. Twelve positive Figure 6 . H can interact with Wo.
(a) Pull-down assays using anti-HIS and anti-GST antibodies. The left lane is the test group (H-GST and Wo-HIS were inputs), and the right is a negative control group (GST and Wo-HIS were inputs). Using anti-HIS Abs, the presence of a band indicates that the pulled down proteins contain Wo-HIS in the test group, suggesting that the Wo-HIS fusion proteins could be pulled down by H-GST but not by GST. Using anti-GST Abs, the presence of bands of H-GST and GST further verified this result. independent T 0 transgenic plants were obtained. These transgenic plants showed much higher trichome density than the transgene-negative plants (Figure 7a ). In addition, we identified three homologs of H in tobacco (Niben101Scf00749 g00003), potato (Sotub10 g019890) and Solanum melongena (eggplant) (Sme2.5_05811.1_g00001), which showed 39, 66 and 51% amino acid sequence identity with H, respectively (Table S5 ). Transgenic analysis indicated that the trichome density in the positive transformants overexpressing NbH significantly increased, compared with the transgene-negative plants (Figure 7) . These results suggested that multicellular trichomes may be controlled by a common regulatory pathway in Solanaceae species.
DISCUSSION
Plant trichomes originate from the aerial epidermal cells of nearly all terrestrial plants, which can be classified into unicellular and multicellular structures based on their cell numbers. Previous studies showed that the initiation of unicellular trichomes in Arabidopsis is controlled by the regulatory pathway mediated by an MYB-bHLH-WD repeat complex (Payne et al., 2000) . Cotton fibers, another unicellular structure originating from the ovule epidermis, may be also controlled by this regulatory pathway (Yang and Ye, 2012) . The ectopic expression of several regulators responsible for the formation of Arabidopsis unicellular trichomes play no role in multicellular trichome formation in Solanaceae species, like GL1 (Payne et al., 1999) . Accordingly, multicellular trichome-related genes cannot increase trichome density when ectopically expressed in Arabidopsis, such as MIXTA and AmMYBML1 (Glover et al., 1998) . Furthermore, a bHLH transcription factor LC from maize confers excess trichomes in Arabidopsis, whereas it has no effect on trichome formation in tobacco and tomato (Glover et al., 1998) . These results suggest that these two different structures may be controlled by distinct regulatory pathways. Our previous studies revealed that an HD-ZIP IV transcription factor, Wo, and a B-type cell cyclin, SlCycB2, possibly work together in the regulation of type-I trichome formation in tomato (Yang et al., 2011) . In this study, we identified a single major locus on chromosome 10 responsible for type-I trichome formation using GWAS. This locus is consistent with the introgression segment of IL10-2. We further determined that this type of trichome is controlled by the H gene. It has been reported that GIS, GIS2, ZFP8, ZFP5 and ZFP6 in Arabidopsis (Gan et al., 2007; Sun et al., 2015) , and Tu in cucumber (Yang et al., 2014) , are closely correlated with trichome or trichome-like structure formation, and all showed some sequence similarities to H. Therefore, whether the mechanisms regulating unicellular and multicellular trichome formation are homologous or not should be further characterized.
Our results show that ectopic expression of H could trigger trichome formation in tobacco. More interestingly, several homologs of the H gene in Solanaceae species, including pepper and tobacco, caused significant increases in trichome density when overexpressed in tomato. The present results imply that the initiation of multicellular trichomes may be controlled by a common molecular mechanism in Solanaceae species. Consistent with this conclusion, ectopic expression of tomato type-I trichomerelated gene Wo in tobacco and potato could induce multicellular trichome formation (Yang et al., 2015a,b) . Supporting evidence for such an inference includes the fact that the overexpression of MIXTA in tobacco and nightshade could activate the formation of multicellular trichomes (Glover et al., 1998) .
The H gene encodes a single C2H2 zinc-finger transcription factor. As we know, this type of transcription factor is ubiquitous in the transcriptional regulators that control many different developmental biological processes. The C2H2 zinc-finger domains are conserved in this type of transcription factor, which are essential for protein-protein interactions and are involved in a wide range of biological activities. Interestingly, the hair-absent phenotype of LA3172 and LA0085 resulted from the complete deletion of the entire coding region of the H gene. In addition, the nucleotide deletions in the other two alleles of the H gene in 3-605 and LA0442 produced a reading frame shift mutation and an early stop codon, respectively. Therefore, it can be deduced that these nucleotide mutations in these alleles may cause loss of function and then lead to the hair-absent phenotype. Furthermore, it is also worth noting that the mutant site in the allele of H in LA1589, 97H-N, possibly abolished the C2H2 zinc-finger motif, thus blocking its binding activity with some unknown regulators. Therefore, further identification of the potential interacting proteins may provide new insights into the mechanism of multicellular trichome formation.
Here, we show that H mainly participates in type-I trichome formation. Combining with the similar roles of Wo and SlCycB2, we inferred that these three genes may be involved in the same genetic pathway underlying multicellular trichome formation. The knock down of H or Wo caused a similar hair-absent phenotype. More importantly, yeast two-hybrid and pull-down assays showed that H physically interacts with Wo, suggesting that they may regulate type-I trichome formation in the form of a dimer. Our previous results uncovered that Wo and SlCycB2 may work together as a heterodimer in regulating this type of trichome formation. In addition, the suppression of SlCycB2 inhibits the formation of type-I trichomes. Taken together, these three genes may form an H-Wo-SlCycB2 complex. Obviously, this complex is distinct from the MYB-bHLH-WD repeat complex in Arabidopsis. This complex is perhaps conserved in the regulation of multicellular trichome formation, at least in Solanaceae species.
Besides H, Wo and SlCycB2, some other trichome regulators have been characterized in tomato, like SlIAA15 and SlARF3 (Deng et al., 2012; Zhang et al., 2015) . These results imply that auxin plays an important role in multicellular trichome formation. Consequently, it will be interesting to investigate how these genes and auxin coordinately control the formation of type-I trichomes. As H functions as a transcriptional regulator of its downstream targets, future identification of its unknown targets will shed light on our understanding of the gene regulatory network essential for type-I trichome formation. Moreover, it will be interesting to dissect how H governs the evolution of multicellular trichomes in tomato.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
A total of 180 accessions used for genome-wide association studies were preserved by our laboratory (Lin et al., 2014) . Solanum lycopersicum cv. Alisa Craig, S. pennellii IL10-2 (Eshed and Zamir, 1994) , LA1589, LA0442 and LA3186 (Wo mutant) were also provided by the Tomato Genetics Resource Center (TGRC, https:// tgrc.ucdavis.edu). A spontaneous h mutant LA3172 (derived from Ailsa Craig), 3-605 (double mutant: hair absent and hairless) and LA0085 (triple mutant: hair absent, Woolly and dwarf) were also provided by TGRC. We constructed two F 2 mapping populations: Ailsa Craig 9 IL10-2 and LA3172 9 LA0411. The population of Ailsa Craig 9 IL10-2 was used for fine mapping. All parents and F 2 populations were grown in the field.
Genome-wide association studies
About 5.5M high-quality SNPs (with minor allele frequency, MAF > 0.05) and 180 accessions (162 normal trichome accessions and 18 no-trichome accessions) were used to perform GWAS for type-I trichomes (Lin et al., 2014) . The association analyses were performed using CMLM (Pressoir et al., 2006; Zhang et al., 2010) with TASSEL 4.0 (Bradbury et al., 2007) . The physical locations of the SNPs are based on the tomato sequence version SL 2.40 (http://solgenomics.net).
Map-based cloning
An F 2 mapping population was created by self-pollination of a cross of Ailsa Craig 9 IL10-2. In order to determine the location of h, we developed three InDel makers (TG408, CT203 and CT42) and one CAPS marker (TG420), based on the nucleotide sequences of the probes of TG408, CT203, TG420 and CT42, which were distributed across IL10-2. Details of the markers are presented in Table S3 . We carried out rough mapping with 94 F 2 hair-absent individuals and the four PCR-based markers. Fine mapping was carried out using 1233 hair-absent individuals from the F 2 population of Ailsa Craig 9 IL10-2 and four InDel makers (MP-23, MP-26, MP-9 and MP-10), which were developed according to the resequenced genome sequences. The physical locations of the markers and genes are based on the tomato sequence version SL 2.40.
Transgenic analysis
We inserted the full-length coding sequence of ORF3 from Ailsa Craig (amplified with the primers in Table S6 ) into the pHellsgate 8 vector under the control of the CaMV 35S promoter. We also fused the CDS of ORF3 from Ailsa Craig to the native promoter and inserted them into the pHellsgate 8 vector. For the construction of the RNAi vector, a 306-bp sequence was amplified and the PCR product was inserted into pHellsgate 2 by using Clonase BP reaction (Invitrogen, now ThermoFisher Scientific, https:// www.thermofisher.com). The construction of pORF3::ORF3 and 35S::ORF3 was transformed into LA3172 and ORF3-RNAi into Ailsa Craig, mediated by Agrobacterium tumefaciens strain C58.
Trichome counts
The stem between the second and the third leaf was dissected using a stereomicroscope (Nikon SMZ18, set to 309 magnification; Nikon, https://www.nikon.com) at the 6-leaf stage. Trichome counts were performed on the images. At least 10 individuals per transgenic line and background line were sampled, and three different positions were analyzed per plant (n = 30). Values represent the means and standard errors (SEs) of three replicates.
Quantitative reverse transcription PCR (qRT-PCR)
qRT-PCR was carried out using the ROCHE LightCycler â 96 system (Roche, https://www.roche.com). All experiments were performed with three biological repeats and three technical replicates. Total RNA was extracted from target tissues with TriZol reagent and treated with DNase I (ThermoFisher Scientific, https://www.ther mofisher.com)) to removed genomic DNA. cDNA was synthesized using a HiScrip â II first-strand cDNA synthesis kit (Vazyme, http:// en.vazyme.com). Primers were designed using PRIMER PREMIER 5.0 (Table S6) .
SEM observation
Leaf samples were cut into 0.5-cm strips and fixed with 2% glutaraldehyde for about 24 h. These samples were dehydrated with a gradient ethanol series for 8 min and then washed in a 0.1 M cacodylate buffer. Finally, the samples were dried in a dryer (HCP-2; Hitachi, http://www.hitachi.com) and coated with gold palladium. Microscopy was carried out on a JSM-6390/LV scanning electron microscope (JEOL, https://www.jeol.co.jp).
Generation of PCR-based markers of Wo and h
A nucleotide mutation (C ? G) resulted in an XhoI cleavage site (CTCGAG) in the Wo mutant LA3186. Primers were designed spanning the cleavage site (Table S6 ) and a CAPS marker was developed for the Wo gene ( Figure S6b ). The band of the WoWo genotype is about 500 bp. The bands of the wowo genotype are 300 and 200 bp. The bands of the Wowo genotype are 500, 300 and 200 bp. The genotype of LA3186 is Wowo; thus, there are three bands (500, 300 and 200 bp) in the lane. The genotype of AC is wowo; thus, there is only one 500-bp band.
In the h mutant LA3172, the position of the h gene is a deletion of approximately 1440 bp. Hence, we designed primers within the interval (Table S6 ) and developed an InDel marker for the H gene ( Figure S6b) . One 1000-bp band indicates H_ (HH and Hh) genotype, and no band indicates hh. Therefore, there is no band in LA3172 and one 1000-bp band in AC.
Protein purification and GST pull-down
The full-length coding sequence of SlH and Woolly were inserted into the pGEX-6p-1 and pET28a vectors, respectively. The two fusion expression vectors were expressed in Escherichia coli strain rosette and induced by IPTG at 30°C for 3 h. The two expressed proteins were inclusion bodies. The inclusion bodies were therefore solubilized, purified and refolded. The GST pulldown assay was performed following a method described previously (Yang et al., 2015a,b; Sun et al., 2017) . The purified protein GST and H-GST (1 ml) were incubated with Glutathione-Sepharose in 500 ll phosphate-buffered saline (PBS) buffer at 4°C for 60 min, respectively. The purified protein Wo-His (30 ll) was added to the Sepharose solution and incubated at 4°C for 5 h. The samples were washed twice in PBS buffer (with 1% Triton) then boiled with 69 loading buffer for 5 min. The samples were resolved by SDS-PAGE and immunoblotted using anti-GST antibody and anti-HIS antibody (Abcam, https://www.abcam.com).
Yeast two-hybrid assay
The bait vector pGBKT7-Wo (named Wo-BD) was preserved in our laboratory (Yang et al., 2011) . The four domains of Wo (HD, START, ZIP and SAD) were inserted into the bait vector pGBKT7 (named HD-BD, START-BD, ZIP-BD and SAD-BD). The full-length CDS of H was inserted into the prey vector pGADT7 (named H-AD). The fused bait vector and prey vector were co-transformed into the AH109 strain. We used the AH109 strain containing pGBKT7-53 and pGADT7-RecT as a positive control, and pGBKT7-Lam and pGADT7-RecT as a negative control, already provided by the BD Matchmaker yeast two-hybrid library construction and screening kits (Clontech, now Takara Bio, https://www.takarabio. com/). The co-transformants were selected on starvation medium (SD) (-Leu/-Trp). In order to detect interaction, transformants and controls were then tested on SD/-Leu/-Trp and SD/-Ade/-His/-Leu/-Trp media (Sigma-Aldrich, https://www.sigmaaldrich.com). Figure S4 . Nucleotide sequence alignment of LA3172 and Ailsa Craig (AC). Figure S5 . Trichomes density (per mm 2 ) of different transgenic line. Figure S6 . Phenotype of 3-605, LA0085, LA1589 and LA0442. Figure S7 . Expression analysis of the H gene. Figure S8 . Parents of double mutant (WoWohh) and markers of H and Wo. Table S1 . Phenotype of tomato material used for GWAS. Table S2 . H acts as a recessive nuclear gene. Table S3 . Details of the markers for rough mapping and fine mapping of the H gene. Table S4 . Details of candidate genes. Table S5 . The homologs of H from other Solanaceae species. Table S6 . Primers used for function and expression analysis of H.
